 Table 1 
WSRC-TR-2003-00158
Revision 0
iii 
LIST OF FIGURES

EXECUTIVE SUMMARY
The Savannah River Technology Center (SRTC) -Immobilization Technology Section (ITS) was requested to perform simulant bench-scale flowsheet studies to qualify Sludge Batch 3 (SB3), the next sludge batch to be processed at the Defense Waste Processing Facility (DWPF). Simulant flowsheet runs have been performed for every sludge batch that has been qualified for DWPF processing to date. SB3 will consist primarily of Tank 7 sludge, but will also contain transfers from other tanks and processes at the SRS and other materials not considered typical for DWPF processing.
Projections also indicate that SB3 may contain higher than previously observed levels of noble metals. Over the last year, SRTC has focused significant effort on studies to understand the behavior of SB3 and to evaluate any necessary process changes.
For SB3, the simulant flowsheet runs for the chemical process cell were divided into two phases and were based on the projected composition for SB3. The first phase used nominal decant composition information obtained from High Level Waste -Program Development and Integration and consisted of four runs. All of the SB3 simulants contained 10% of the projected noble metal concentrations. The primary intention of the runs was to understand chemical process cell behavior at the different decant scenarios, but the runs also helped refine the acid addition equation necessary for SB3. The Phase I results have already been documented in WSRC-TR-2003-00088. [1] Other flowsheet run results, the revised acid addition equation, and the proposed Reduction/Oxidation (REDOX) correlation are also documented elsewhere. [4, 5, 9, 18] The Phase II runs were initiated in February 2003 and focused on the baseline nominal decants with nominal projected noble metals and excessive acid addition amounts. The second phase used excess acid to attempt to bound the amount of acid that could be processed with the decant scenarios for SB3.
Two Sludge Receipt and Adjustment Tank (SRAT) cycles were combined with Slurry Mix Evaporator (SME) cycles to complete the second phase of the simulant flowsheet runs with SB3 simulant. The compositions evaluated included: Decant 5 with ~69% remaining sodium oxalate (Run SB3A-8) and Decant 9 with ~40% remaining sodium oxalate (Run SB3A-9). Decant oxide and anion compositions utilized were defined by High Level Waste -Program Development and Integration and represent a combination of washing/decant scenarios for SB3. The sludges were prepared from the same SB3 starting simulant used in the Phase I testing and were representative of the targeted compositions. Both SRAT runs were performed at ~25% higher acid addition levels than the Phase I runs. Frit 202 at a 35 wt% waste loading, on an oxide basis, was used for both SME cycles. Frit 202 was used because an operating window was available and the frit was also readily available. The waste loading selected was the midpoint of the waste loading operating window.
The runs easily met the DWPF SRAT product nitrite destruction acceptability criteria of <1000 ppm. Hydrogen generation, however, exceeded the DWPF SRAT hydrogen limit (0.65 lbs/hr) and was 1.4 lbs/hr in the Decant 5 run (SB3A-8). On the other hand, the Decant 9 run did not generate hydrogen above the SRAT hydrogen limit, but approached the limit with a rate of 0.42 lbs/hr. Hydrogen continued to be generated during the SME cycle, but the SME limit (0.223 lbs/hr) was not exceeded. The highest peak in the SME occurred in the Decant 9 run (0.092 lbs/hr).
The following insights into SRAT/SME processing were gained:
• No foaming or processing issues such as air entrainment were identified using nominally 2.5 liters of SRAT slurry. Visually, the sludge slurry appeared to be very thin, and no problems with mixing or heating were encountered.
• The minimum SRAT pH was obtained at the end of acid addition, and was below 4.6 for both runs. By the end of SRAT processing, the pH was >7. The slurry pH oscillated during the decontamination canister additions/dewaters and the frit addition/concentration part of the SME cycle. By the end of the SME cycle, the pH had risen to <8.
• At the tested level of noble metals, excessive hydrogen can be generated when sufficient excess acid is added. By design, excess acid was tested for both decant scenarios. For Decant 5, the acid addition amount, 1.53 moles H + /liter of slurry with 0.994 moles/liter as formic acid, created excessive hydrogen generation. For Decant 9, the acid addition amount, 1.30 moles H + /liter of slurry with 0.904 moles/liter as formic acid, presented a possible upper bound. The acid split used was calculated from an interim version of the SB3 redox equation and was based on assumed formate, oxalate, and nitrate destruction, which were under-predicted. Knowing the relative destruction of these anions with greater certainty may have resulted in a shift in the split of the acids while still using the same total acid, which in turn could have affected the amount of hydrogen generated.
• Based on the analytical data for the SRAT and SME products, significant amounts of formate were destroyed during processing. SRAT formate destruction was ~19 to 37%, while an additional ~34 to 52% was destroyed during the SME. The amounts of oxalate destroyed during processing were different between the two runs. SRAT oxalate destruction was more significant in the Decant 5 run (SB3A1-8) with ~21% destroyed, while the Decant 9 run (SB3A-9) oxalate destruction was negligible. An additional ~3 to 7% was destroyed during the SME in both runs. Nitrate difference was within analytical error for the SRAT cycles, but ~16% of the available nitrate in both runs was destroyed during the SME cycle.
• The peak CO 2 concentration was seen during the SRAT Decant 9 run (SB3A-9) and was ~30 volume percent.
Significant peaks of CO 2 continued to be generated through the SME cycles. A carbon balance of the slurry system showed that a small percentage of the input carbon was not accounted for in the output carbon. More deviation was seen in the Decant 5 run (SB3A-8).
• The Decant 5 run had a peak nitrous oxide concentration of ~2.9 volume percent during the SRAT, while the Decant 9 run had a peak nitrous oxide of ~0.75 volume percent. Nitrous oxide continued to be generated throughout the SME cycles, but at much lower percentages.
• Rheological analyses of the SRAT and SME products were completed, and a report will be written by the ITS Rheology team evaluating the impacts on DWPF processing once the additional work on a simulant that more closely matches the anticipated SB3 composition is completed. Preliminary rheology data indicated that the SRAT product from the Decant 5 run (SB3A-8) was Newtonian in nature, while the SRAT product from the Decant 9 run (SB3A-9) exhibited non-Newtonian behavior. This was consistent with the preliminary results from the Phase I studies with the Decant 5 and Decant 9 SRAT products. The SME products from each run also exhibited different behaviors; however, it appears that settling may have affected the results. SME product rheological characterization will be further evaluated as part of the additional SB3 studies once the composition is finalized. The effect of processing temperature on rheology was not studied as part of either phase of the testing. The temperature effect will be studied on the simulant that more closely matches the anticipated SB3 and sludge batch 2 (SB2) combination.
Tank 7 sample analyses have indicated that low concentrations of oxalate will be present in SB3, which will impact the washing scenarios and final composition. Current plans are also considering co-processing of sludge SB2 with SB3. Once the projected washing scenario is defined, the sludge slurry composition will be evaluated against the existing SB3 chemical process cell processing window. Additional runs may be performed to help refine processing conditions. Bounding acid addition amounts will also be considered as part of those runs. This evaluation will be necessary to recommend a processing strategy for the Shielded Cells runs with the SB3 qualification sample.
INTRODUCTION AND BACKGROUND
The Phase I SB3 Simulant flowsheet runs were performed in November 2002 to evaluate four possible decant scenarios. The flowsheet runs are required for each sludge batch that is processed in DWPF so an evaluation of potential chemical processing issues, quantification of the potential hydrogen generation rates, and estimation of the required acid stoichiometry for that sludge batch can be made. Historically, DWPF has modified its operating flowsheet as necessary to adjust for processing of the incoming or existing sludge batch.
SRTC was requested by DWPF via Technical Task Request (TTR) HLW/DWPF/TTR-02-0016 to perform flowsheet studies to qualify SB3. [2] In response to this TTR, a Task Technical & Quality Assurance Plan [3] was written outlining the activities and controls necessary to meet the objectives and requirements of the TTR. The task plan outlined a two-phased approach to meet the objectives. The first phase, Phase I, performed tests to assist in the determination of the acid addition equation and to bound the possible processing scenarios for sodium oxalate in SB3 processing. The results of the Phase I testing were documented in WSRC-TR-2003-00088. [1] The second phase, Phase II, commenced once the final form of the acid addition and redox equations were determined with the focus to bound the SB3 processing window for acid addition. Since the time of planning the Phase II testing, both equations, along with their associated data, have been technically reviewed and finalized. [4, 5] For the redox equation, slight adjustments to the coefficients were made. [5] Originally, the Phase II run objectives also included an attempt to define the processing strategy for the Shielded Cells run with the qualification sample (Shielded Cells run will be performed as a separate TTR). However, this may not be possible due to the dramatic difference seen in the actual Tank 7 analyses. Due to this change, the Phase II runs were halted after the completion of the excess acid runs. Slurry Mix Evaporator (SME) cycles were not performed in Phase I, but were performed as part of Phase II using Frit 202 at a 35wt% waste oxide loading. Frit 202 does not necessarily represent the optimum frit for the projected SB3 composition, but was readily available and did have a processing window.
SB3, the next sludge batch to be qualified for DWPF, will consist primarily of Tank 7 sludge and the heel remaining in Tank 51. Based on projected compositions and the initial Tank 7 results, SB3 is expected to contain higher levels of noble metals than previously processed sludge batches. [6, 7] Several components that are considered non-typical to DWPF sludge were also projected to be present. The non-typical components include: an H-Canyon slurry containing precipitated Pu with Gd; an Am/Cm stream; sand and coal from a sand filter that was discarded in Tank 7; and an appreciable amount of sodium oxalate. Material from Tank 18, which contains material (including zeolite) from Tank 19, will also be part of SB3. A stream of sludge with monosodium titanate (MST) from the Actinide Removal Process (ARP) will most likely be fed to DWPF during SB3 processing. The flowsheet studies addressed the inclusion of the sand, coal, and sodium oxalate in Tank 7, the Tanks 18 and 19 materials (from a composition perspective versus the actual zeolite material present in Tank 19), and the H-Canyon slurry stream. The studies did not attempt to bound the addition of the Am/Cm stream; however, limited testing with the feed has been performed by the Waste Processing Technology Section, along with a literature review and paper study. [6] The stream of MST from the ARP was also not completely addressed. Impacts of the addition of the oxalate portion of the stream (which would appear to have the largest impact on processing in the chemical process cell) have been bounded by the testing performed.
Sodium oxalate was projected to be present in Tank 7 at levels up to 660,000 pounds. [8] However, not all of this material would be processed in DWPF because some amount of washing and decanting of the Tank 7 sludge would be necessary to ensure that the material could be transferred and processed. SRTC used predictions by H.H. Elder of High Level Waste -Program Development and Integration to bound the sodium oxalate levels for processing. Throughout the SRTC SB3 studies, Elder's Decants 5 and 9 have been used as the baseline operating cases to set the sodium oxalate levels. Decant 5 corresponds to approximately 69% remaining sodium oxalate in Tank 7, while Decant 9 corresponds to approximately 40% remaining sodium oxalate 1 . Both of these compositions were tested at what was considered nominal acid levels at the time during Phase I. The Phase I runs, however, used only 10% of the projected levels of noble metals to bound nitrite destruction for the decant scenarios.
In addition to the objective of determining minimum acid addition required for the four decant scenarios, the Phase I tasks also provided the following information:
Hydrogen, carbon dioxide, and nitrous oxide generation rates from processing SB3 simulant sludge at varying supernate anion concentrations and low levels of noble metals; The amount of oxalate remaining after the SRAT cycle at varying supernate anion concentrations; and The processing impacts (i.e., rheology and hydrogen generation) of sand, coal, and oxalate. Changes to the DWPF acid addition strategy have been proposed based on the results of the SB3 chemical process cell scoping and Phase I studies. After the completion of the Phase I studies, a new acid addition equation was derived that was used for the Phase II runs. The methods utilized to derive the new acid addition equation were documented in WSRC-TR-2003-00118. [4] Based on input data from the equation and the results from the earlier SB3 scoping runs, estimates on the upper limit for acid addition were also made. This estimate included an upper bounding interval on the acid addition demand per liter of sludge slurry and was based on the prediction of the acid addition demand versus the actual acid used in Run SB3-21. [9, 10] Run SB3-21 was selected since it exceeded the DWPF SRAT hydrogen limit and was also performed with a SME cycle. The upper bound for a particular feed was then based on the interval between its predicted acid demand and the limit imposed by Run SB3-21; resulting in a different upper bound for each feed. Testing the upper bounds was the main objective of the Phase II SB3 flowsheet studies. This was part of the TTR request, but the intent was also to provide DWPF with an upper acid addition level that could be used to adjust slurry rheology as necessary. The Phase II runs contained the nominal level of noble metals since their concentration directly impacts the amount of hydrogen generated.
No problems with nitrite destruction were anticipated, because the acid levels used in Phase II were upper bounds. The runs, however, were intended to provide the following information when excess acid was added:
Affect on redox control (amounts of anions remaining after the SRAT and SME cycles); Hydrogen, carbon dioxide, and nitrous oxide generation rates from processing SB3 simulant sludge at varying supernate anion concentrations; and Processing impacts (i.e., rheology and hydrogen generation). Any unusual observations during processing were also noted and will be reported.
A total of six runs have been performed as part of the Phase I and Phase II simulant flowsheet testing, and they were identified as follows:
Phase I SB3A-1 SB3 Decant 5 composition, nominally 69% remaining sodium oxalate, 100% acid 2 SB3A-2 SB3 Decant 9 composition, nominally 40% remaining sodium oxalate, 110% acid SB3A-3 SB3 Decant 7 composition, nominally 52% remaining sodium oxalate, 110% acid SB3A-4 SB3 Extremely washed sludge, ~1% remaining sodium oxalate, 111% acid Phase II SB3A-8 SB3 Decant 5 composition, nominally 69% remaining sodium oxalate, 125% acid SB3A-9 SB3 Decant 9 composition, nominally 40% remaining sodium oxalate, 135% acid This report will primarily focus on the results from Phase II, Runs SB3A-8 and SB3A-9.
EXPERIMENTAL
The experimental section is divided into three subsections. The first, Section 3.1, describes the sludge simulant used in the Phase II testing. Section 3.2 describes the procedures and equipment utilized in the testing. Finally, Section 3.3 discusses the acid addition strategy.
Sludge Simulant and Slurry Preparation
The runs were performed using the same SB3 simulant used in the Phase I testing which was prepared at the Clemson Environmental Technologies Laboratory (CETL). The sludge is representative of the primary or traditional sludge components. The composition of the as-fabricated SB3 surrogate (without supernate adjustment) and the projected SB3 composition [6] are given in Table 1 . The SB3 surrogate as fabricated is low in Na. This was done intentionally to allow for adjustments for the washing/decants and to allow for addition of the different levels of sodium oxalate. All of the other components in the SB3 simulant are slightly higher than the projected SB3 composition, but should match the projected composition once the sludge is trimmed with additional sodium oxalate or other species to match the predicted anion concentrations from Elder.
Large batches of the Decants 5 and 9 sludges were prepared for the flowsheet testing. A portion of these same simulants were used in the Phase I testing. The decant sludges, however, did not contain the non-typical or small sludge contributing components. Therefore, trim chemicals were added to the decant simulants to represent the sand, coal, gadolinium, mercury, and noble metals present in SB3. On a sodium oxalate free -dried sludge solids basis, the addition levels were 0.076 wt% mercury, 1.12 wt% sand (nominal range of 0.4 to 0.5 mm), and 0.72 wt% coal (nominal range of 0.6 to 0.8 mm). 3 The projected levels of noble metals are shown in Table 2 and are based on the La-139 content of SB3 [6] . As stated earlier, Phase I used only 10% of the target levels shown in Table 2 . The actual amounts of the added trim chemicals are noted in Table A-1 of Appendix A. While the actual percentages added changed slightly from run to run; the ratio to Fe (a major sludge component) was maintained throughout the testing. The sand and coal are from the vendor of the sand filter material that was believed to have been transferred to Tank 7. 
Procedures and Equipment Used in Testing
The testing was once again performed at the Aiken County Technology Laboratory (ACTL) using a four-liter kettle with various glassware fabricated to functionally replicate the DWPF processing vessels. A 4-liter glass kettle is used to replicate both the SRAT and the SME, and it is connected to the SRAT Condenser, the Mercury Water Wash Tank (MWWT), the Slurry Mix Evaporator Condensate Tank (SMECT), and the Formic Acid Vent Condenser (FAVC). For the purposes of this paper, the condensers and wash tank are referred to as the offgas components. A sketch of the experimental setup is given as Figure 1 .
SRAT/SME processing followed the run plans written for each run. [11, 12] The runs were performed in accordance with Procedure 2.02 ("Laboratory Scale Chemical Process Cell Simulations") of Manual L27 [13] . Slurry pH and offgas hydrogen, nitrous oxides, and carbon dioxide concentrations were measured during the experiments using in-line instrumentation, so that total amounts generated and peak generation rates could be calculated. Slurry samples were pulled during processing to monitor the oxalate, nitrite, nitrate, and formate concentrations in the slurry. During the runs, the kettle was monitored to observe reactions that were occurring during each run to include foaming, air entrainment, rheology changes, loss of heat transfer capabilities, and offgas carryover. Observations were recorded in laboratory notebook WSRC-NB-2002-00194 and are discussed in Section 5. 
SRAT
Concentrated nitric acid (50-wt%) and formic acid (90-wt%) were used during processing. In addition, 200 ppm IIT 747 antifoam was added during heat-up at 40°C, and an additional 400 ppm was added at the completion of acid addition. The addition strategy was conservative relative to the current DWPF addition strategy to increase sensitivity to foaming issues, and no recommendations on changes to the antifoam addition strategy will be made until the completion of qualification runs. SRAT processing included the dewater time in boiling plus an additional 12 hours of reflux to simulate DWPF processing conditions. As part of the SME cycle, the equivalent of five decontamination canister additions were replicated. Each addition was followed by a return to boiling and dewatering. Three frit additions were performed as part of the SME cycle with subsequent concentrations after each addition.
Samples of the SRAT and SME slurries and products were characterized for chemical composition and physical properties. Samples from the SMECT, FAVC, and MWWT were also characterized. Rheology samples of the SRAT and SME product were also taken for rheology characterization.
Acid Addition Strategy
As stated earlier, a major focus of the Phase I SRAT runs was to assist in refinement of the acid addition equations for SB3. An acid addition equation was developed [4] and is given as equation 1. ] is the SRAT receipt mass of oxalate per unit mass slurry factor is a multiplier to increase the total acid above that predicted by the four terms This equation gave the total acid necessary to achieve neutralization of the measured hydroxides and carbonates, destruction of nitrite, reduction of a fraction of the Mn +4 , reduction of Hg, and adjustment of the melter feed rheology to DWPF operating conditions. Since the objective of the Phase II runs was to define the upper bound for acid addition, higher quantities than stoichiometric acid addition were used. A preliminary estimate of the upper bound was made using the results from the earlier SB3 scoping studies and the Phase I studies. An earlier SB3 scoping study run at 75% remaining sodium oxalate and the nominal noble metals (Run SB3-21) did exceed the DWPF SRAT hydrogen limit. [9, 10] This addition amount was assessed against the new acid addition equation (Eq 1) and the excess acid margin was used to estimate the equivalent amount of acid for the Decant 5 and 9 runs. This amount turned out to bẽ 25% more acid for each run.
An interim redox algorithm developed by Jantzen was then used to determine the acid mix to produce the redox target. Although a Fe 2+ )H RI ZDV WDUJHWHG DQ HUURU LQ WKH LQSXW IRUPXOD DFWXDOO\ UHVXOWHG LQ WKH WDUJHW EHLQJ This was discovered after the completion of the testing when the redox prediction was being made for the as produced material. Equation (2) was the interim SB3 redox equation utilized in this testing. Equation (2) Based on earlier SB3 studies [4, 9] , some assumptions on the SRAT/SME reactions and anion destruction were made to calculate the total acid and the split between nitric and formic acid. They were:
• 100% nitrite destruction; • 0% nitrite to nitrate conversion ; and • 30% total formate destruction and 20% total oxalate destruction. Run SB3A-8 used 125% of the calculated stoichiometric addition with ~65% of the moles of acid provided by formic, Run SB3A-9 used 135% of the calculated stoichiometry with ~70% of the moles of acid provided by formic.
ANALYTICAL
A high-speed micro Gas Chromatograph (GC) was used during the experiments to monitor the generated gases for hydrogen, oxygen, nitrogen, carbon dioxide, and nitrous oxide. Monitoring these species provides insight into the reactions occurring during processing and demonstrates whether a flammable mixture is formed. Helium was used as a GC internal standard and was also monitored during the runs. The GC is self-contained and is designed specifically for fast and accurate analysis. The GCs had five main components. The first is the carrier gas (argon for this testing) to transport the sample through the molecular sieve and poraplot Q columns. The second is the injector, which introduces a measured amount of sample into the inlet of the analytical columns. The amount of sample injected depends on the length of time the injector is open. The injected sample flows to the analytical column where it is separated. The third component is the column, which is the separation system. The column is capillary tubing coated or packed with a chemical substance known as the stationary phase that preferentially attracts the sample components. As a result, Analyses for this task used guidance of Analytical Study Plan (ASP) WSRC-RP-2002-00577. [14] Sample request forms were used for samples to be analyzed, and analyses followed the guidelines and means of sample control stated in the ASP for the task. A unique lab identification number was assigned to each sample for tracking purposes. Analyses were performed using approved analytical and QA procedures.
Samples were taken before the runs were initiated, throughout the runs, and at the end of the runs for analyses to quantify the processing behavior. The samples were analyzed by the Immobilization Technology Section -Mobile Lab (Mobile Lab), the Immobilization Technology Section (ITS), and the Analytical Development Section (ADS). The Mobile Lab analyzed the initial and product samples to determine the soluble and insoluble species. Initial sludge, SRAT product, and SME product samples were prepared in duplicate for cation chemical analyses by calcining a portion of the samples at 1100°C and then dissolving the calcined product using Na 2 O 2 /NaOH fusion, lithium metaborate fusion, and aqua regia dissolution. Cation analyses were performed using Inductively Coupled PlasmaAtomic Emission Spectroscopy (ICP-AES). Anion analyses were performed using weighted dilutions and Ion Chromatography (IC). Samples analyzed for oxalate had to undergo an additional preparation step before analyses, and they were prepped using a HCl/HNO 3 strike. To obtain the composition of the soluble fraction of the samples, the SRAT and SME products were prepped by filtering the slurry samples to remove the supernate. The resulting filtered supernate was then analyzed using ICP-AES and IC. The initial sludge samples, SRAT products, and SME products were also analyzed for solids content. The total and dissolved solids were measured on two aliquots and the insoluble and soluble solids fractions were calculated from the results. ITS performed the titration on the starting sludges in duplicate to provide the necessary input for the acid calculation. Lastly, the ADS measured the total inorganic carbon/total carbon of the decant sludges and the SME products.
The Mobile Lab analyzed the in-process samples to determine the anions present. This data was used to help determine the reactions that occur during SRAT and SME processing, including the destruction rate of the nitrite. In-process samples for anion analyses were diluted with a 1 N NaOH solution immediately after the sample was removed from the vessel during the run. A weighted dilution was performed on these samples, and they were then analyzed using IC. The additional HCl/HNO 3 strike had to again be performed to measure the oxalate concentration. An in-process supernate sample was also taken at the end of acid addition. This sample was centrifuged and the resulting supernate was decanted and analyzed.
Due to the large amount of material condensed during the runs and the darker appearance of the condensate compared to other runs, samples from the FAVC, the MWWT, and the SMECT (from SRAT dewater only) were also submitted to the Mobile Lab for analyses. The solutions were analyzed using ICP-AES and IC. The archived samples from Phase I were also analyzed for comparison. The results will be reported and discussed in Section 5.3.
The rheological properties of the SRAT and SME products were measured by the ITS. A 125-ml SRAT and SME product sample was pulled for rheological characterization from each of the runs. The samples were run at the existing total solids. The sample jacket temperature was 25°C and the Z41 geometry was used to perform the analyses. Due to the anticipated changes to the SB3 composition that will actually be processed in DWPF, additional rheological characterization will be performed once the new SB3 sludge slurries matching the Tank 51 composition are fabricated. The effect of temperature will also be measured for these samples. Upon completion, a rheology report will be written to include the testing done with the Phase I and Phase II samples. Preliminary results are reported in Section 5.3.
SRAT/SME RUN RESULTS
The data from the testing and any observations will be discussed in the next two sections. This section has been divided into three subsections. Section 5.1 will discuss the analyses of the starting sludges and the necessary inputs for the acid calculation. Section 5.2 will discuss the results of the in-process samples, generated gas data, and general observations about processing. Finally, section 5.3 will discuss the product analyses. Section 6.0 provides the system mass balances.
Starting Sludge Composition
As mentioned above, the SB3 simulant was the same as that used in the Phase I testing. Before the runs were initiated, a sample of the starting sludges was removed for chemical analyses. The composition of the untrimmed sludge was given in Table 1 . The target and measured sludge compositions trimmed to match the decant compositions are given in Table 3 , but do not include the contribution from Gd, Hg, noble metals, sand, and coal. Chemical analysis methods were described in Section 4.0.
The analyses of the cations in the initial sludges indicate that the target compositions were fairly well met. The only major sludge component that was IURP WKH WDUJHW ZDV 1D LQ WKH 6%$ VOXGJH ZKLFK FRXOG EH WKH UHVXOW RI D non-representative sample of the sodium oxalate present. The target Na for the SB3A-9 sludge was within 10%. The minor sludge components, Ni and Si, also were not within ±10% of the target, but, since these are minor components, this did not present a problem for processing. The starting sludge was also analyzed for the anion components using a weighted dilution method and IC. The Mobile Lab results are given in Table 4 . Table 4 also shows the targeted concentrations. A comparison of the data indicates that the target anion concentrations were fairly well met for SB3A-8. The SB3A-9 sludge, on the other hand, was ~23% high in nitrate and ~23% low in oxalate. The decision was made to use the feed as is and the revised input values were used to calculate acid demand. The lower oxalate results in both cases help support the slightly low Na reported in Table 3 , providing further indication of low representation of the sodium oxalate in the initial sludge sample. However, for Run SB3A-8, the difference in the measured versus target Na can not be completely attributed to the low oxalate concentration. The total and dissolved solids were measured on duplicate samples of the starting sludges. These results were then used to calculate the insoluble and soluble solids content of the starting sludge. The results are presented in Table 5 . As discussed earlier, calcination of the sludge is performed to prepare the sludge for chemical analyses; the calculated calcined solids from this preparation are given in Table 5 . An initial slurry density and pH were also measured and the data are given to complete the physical property characterization of the starting sludge. The target total solids was 18% for SB3A-8 and 18.8% for SB3A-9, so the initial sludges were fairly close to the target. The lower insoluble solids and higher soluble solids for SB3A-8 are consistent with previous SB3 results seen with higher oxalate levels. [10] The target calcined solids for SB3A-8 was 12%, while it was 13.3% for SB3A-9. Both were close to the target. SB3A-9 sludge had the greater amount of calcined solids and the higher ratio of calcined to total solids. The target slurry density was 1.13 g/ml so both sludges were close to the target. Little variation was seen in the measured slurry densities and the sludge pH.
Since the current DWPF acid addition equation requires input for the amount of total inorganic carbon (TIC), the carbon content of the starting decant sludges was also measured by ADS. The slurry samples were ground to try to ensure homogenization of the sample before introduction into the analyzer. The total carbon (TC), total inorganic carbon (TIC), and total organic carbon (TOC) results are given in Table 6 . The inorganic carbon reported values were slightly more than anticipated. The result for total carbon for Run SB3A-8 was a little lower than anticipated; whereas, the value for Run SB3A-9 was greater than anticipated. Some of the deviation could be attributed to difficulty in obtaining a representative sample of the oxalate in the sludge. The exact explanation for the differences has not been determined; however, variations in the measured inorganic and total carbon have been seen in the scoping SB3 and the Phase I studies. [1, 10] The errors are believed to be attributed to the presence of oxalate, and preliminary Tank 7 results suggest that oxalate will not be present in SB3 at the levels tested. Therefore, this should not be a concern. Also, the proposed SB3 acid addition equation also does not rely upon TIC as an input, so the effect of the error is minimized. [4] Errors in the total carbon values are less problematic since they are used as a verification of other inputs. 1 Performed on single sample that was ground to ensure homogeneity. 2 Organic carbon is calculated by difference from total carbon and inorganic carbon measurement.
The starting sludge for each run was titrated by ITS using an autotitrator and a 30:1 dilution of the starting slurry. This is similar to the method used by the DWPF. The results are given in Table A 
SRAT and SME Processing
As stated in Section 3.2, the two SRAT runs were performed simultaneously in two different hoods at the ACTL in the 4-liter vessels. The individual sludges and trim chemicals were added to the vessels prior to the start of the SRAT tests. The runs were started by heating up the vessels. Several operating problems occurred with the Temp-O-Trol temperature control box in Run SB3A-9 causing it to be changed out twice. This resulted in an increased time for acid addition by approximately 1 hour, but the acid addition rate was maintained during the addition to be consistent with the DWPF acid addition rate. Antifoam was added at 200 ppm when the slurry reached ~40°C. Acid addition was started when the slurry reached 93°C. Nitric acid was added first and then formic acid. During nitric acid addition for Run SB3A-8, problems with the measured He concentration were experienced. Acid addition was stopped and the vessel was cooled so a leak check could be performed. The leak check was satisfactory, so additional investigation to identify the problem was performed. The GC and the flow meters were changed to ensure that they were not the cause of the problem. Finally, after ~8 hours of investigation, an acceptable He flow rate was obtained. Heating was then resumed and nitric acid addition began after the slurry reached 93°C. After the completion of formic acid addition, 400 ppm of antifoam was added and then the vessel was ramped to boiling. Once boiling was initiated, the SRAT contents were dewatered/concentrated to bring the sludge to the starting solids concentration. Just as the dewatering was being completed for SB3A-9, the air flow disappeared. It was determined that the shared air cylinder had emptied due to its dual use with other ACTL equipment. The air flow was absent for ~15 minutes, but it occurred during the peak hydrogen generation. Therefore, the air flow was increased for a brief period (~5 minutes) to flush the hydrogen that had accumulated in the SRAT vessel. This delayed the sampling of the slurry sample to be taken at the end of the SB3A-9 dewater also. After dewatering was complete, the goal was to reflux the SRAT for 12 hours. This was done for Run SB3A-9 but due to all of the problems that occurred in Run SB3A-8, confusion over the start of boiling and the actual processing time required resulted in reflux only being performed for 10 ½ hours. The total boiling time for Run SB3A-8 was 12 hours.
The equivalent water amount from five canister decontaminations was added during each SME cycle. Each addition was 430 ml, which was added over 10 minutes at a rate of 43 ml/min. The vessel was re-heated to boiling after each addition then the added amount was dewatered. After the fifth canister addition dewater, the frit addition cycles were started. The frit was added over 3 additions with formic acid and water. The acid and water addition amounts were based on the DWPF target frit slurry addition method (i.e., 1.5 wt% formic in 50 wt% solid solution). After each frit addition, the SME was concentrated with a goal of reaching a final solids content of ~45 wt%. Processing parameters are given in Table A -1 of Appendix A. Mass balances of the components added and removed from the vessels are given as Table A-2 in Appendix A.
The pH was measured throughout the runs. No problems were experienced during Run SB3A-8. However, during nitric acid addition in Run SB3A-9, the pH measurement was not substantially changing. After formic acid addition started and no dramatic change in pH was seen, the pH probe was removed and a new probe was inserted. The formic acid addition was stopped for about 10 minutes to perform the change out. A check of the old probe in the pH 4 buffer indicated that the probe had failed. Therefore, the pH data for about 3 hours was considered invalid. Figure 2 is a plot of the measured pH during the runs and does not include the invalid data from Run SB3A-9.
The pH profiles were relatively similar. Run SB3A-8 reached a lower pH at the end of acid than Run SB3A-9 did. It also returned to a neutral pH much quicker than SB3A-9 did. Run SB3A-9 appeared to be consuming acid throughout refluxing, whereas SB3A-8 appeared to have completed consumption reactions ~6 hours into boiling based on the pH profile. Run SB3A-8 showed a dramatic change in pH during the second canister addition cycle with a slight drop in pH by the end of the frit cycle. The pH fluctuated between 7 and 8 throughout the SME cycle due to the addition of the decontamination canister water and the frit/water/formic additions. A more dramatic shift in pH was seen during frit addition. Both runs had roughly the same ending pH. Figure 3 shows a plot of the SRAT cycle pH for the Phase II runs compared to the Phase I runs with the same decant compositions and lower acid. The runs showed similar behavior during acid addition with the primary difference being the ending acid pH. In spite of the lower acid addition amounts used, the Phase I runs had a much lower pH after the completion of acid addition. This could be attributed to lower noble metals content. Scoping studies have shown this behavior in the past. [10, 15] These results support the hypothesis that there is a consumption of acid catalyzed by the noble metals. Samples of the slurries were taken throughout processing to monitor the chemical reactions. Only one intermediate SME cycle sample was taken. The sample was taken at the end of the canister decontamination cycles and before the start of frit addition. The samples were quenched with NaOH and then submitted to the SRTC-ML for anion analyses.
The sample results, along with the times the samples were removed relative to the end of formic acid addition, are given in Table 7 . Two sets of data are provided for formate and oxalate. After questionable results from the first analyses, the samples were re-prepped and re-run for formate and oxalate. Dramatic differences in the oxalate data were seen. Based on the known amounts of oxalate in the starting sludge (see Table 4 ), it was determined that the first results for Run SB3A-8 appeared to be more accurate, and the second set of results for Run SB3A-9 appeared to be more accurate. The formate results did not show a dramatic change and the results were averaged. The Mobile Lab attempted to find an obvious reason for this difference. However, none could be found. If the oxalate method is to be implemented in DWPF, more work on the method development may be necessary and the Mobile Lab will have to work with ADS to resolve some of the outstanding issues. In general, the impact of the changes to the data is minimal since they are mainly used to monitor relative destruction during the cycle. The values are used to calculate anion loss for the mass balances; however, they represent a small fraction of the anions present in the system. Therefore, slight variation in the concentrations should not greatly affect the calculated cycle destruction values.
The following system was used for the Sample IDs in the runs:
• the "-A" samples were taken at the end of nitric acid,
• the "-B" samples were taken 80 minutes into formic acid addition,
• the "-0" samples were taken at the end of formic acid addition,
• the "-1" samples were taken 30 minutes into dewatering,
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The nitrite data shows that the DWPF limit of <1000 mg/kg was met by the end of acid addition. This was much sooner than in the Phase I runs with lower acid and lower noble metals. In the Phase I runs, the Decant 5 run (SB3A-1) was met ~8 hours into reflux, while the Decant 9 run (SB3A-2) met the specification by the end of dewater/concentration. Nitrate ion concentration increased slightly during acid addition and then peaked at the end of dewater. The nitrate remained relatively steady throughout reflux and then decreased slightly by the end of the canister dewater cycles. The increase in nitrate concentration during acid addition may have been associated with conversion of nitrite. In general, formate concentration increased through dewater, then slowly decreased during the SRAT reflux and the SME cycle.
The trends were consistent between the two sets of data. Finally, oxalate concentration did not show a consistent pattern and varied from sample to sample. The reported concentration data indicates less oxalate present at the end of the SRAT cycle than at the end of the canister decontamination cycle (SME-IC-0). This could possibly have been attributed to analytical error with the analytical equipment or with the sample that was analyzed (i.e., difference in the amount of solids introduced in the sample analyzed) or may have been the result of oxalate reforming in the system after the SRAT was completed. This trend was also seen in the earlier SB3 scoping SRAT/SME runs. [10] As mentioned in Section 4.0, hydrogen, oxygen, nitrogen, carbon dioxide, and nitrous oxide were measured throughout the runs using GCs. Figures 4 and 5 give the gas composition data measured by the GC for the runs. As mentioned above some problems with the helium concentration were experienced during Run SB3A-8. This resulted in the change out of the Channel A column of the GC and spurious readings at the start of run. During both runs, the air and helium flows had to be increased for a brief period due to excessive hydrogen generation. For Run SB3A-8, this was done for 40 minutes, while for SB3A-9 it was the result of loss of airflow and was increased for ~5 minutes. Both runs used 1.5x the target air and helium purge rates. No other problems with the GCs were experienced during the runs. A slight break in the GC data is evident at the end of the SRAT run where the GCs were stopped and a calibration check was performed. Spikes in the measured concentrations are noted throughout the SME cycles and correspond to the times at which decontamination canister water or frit/water/formic was being added. Significant hydrogen was detected in both runs throughout the SRAT and SME cycles. To better evaluate the hydrogen generation, Figure 6 is provided and compares hydrogen generation for the two runs on a DWPF scale in pounds per hour. For Run SB3A-8, the SRAT peak occurred at ~103 minutes after the end of acid addition and was equivalent to 1.41 lbs/hr based on the DWPF scale (1/9165 th of DWPF scale based on volume). In Run SB3A-9, the SRAT peak occurred at ~89 minutes after the end of acid addition and was equivalent to 0.421 lbs/hr on the DWPF scale (1/9165 th of DWPF scale based on volume). The SME peak hydrogen generation was 0.038 lbs/hr for Run SB3A-8 and 0.093 lbs/hr for Run SB3A-9. SME hydrogen fluctuated with the canister decontamination and frit additions in the SME cycle, where hydrogen would drop as the material was added and the vessel cooled and then would increase again and plateau during dewater. The total hydrogen generated during the SRAT and SME cycles will be discussed in Section 6.0, along with an evaluation of the hydrogen data as it relates to the carbon dioxide generation.
Both runs exhibited similar behavior with respect to nitrous oxide generation. Peaks of nitrous oxide occurred at two distinct times during the SRAT cycle. The first occurred near the end of acid addition, which was just prior to the hydrogen peak. The second occurred around the time when the SRAT was switched from dewater to reflux. The presence of these two peaks was consistent with earlier SB3 simulant SRAT runs [10, 15, 16] . Peak nitrous oxide concentration was 2.9 volume percent for Run SB3A-8 during the SRAT and was 0.73 volume percent for Run SB3A-9 during the SRAT. Peak levels were lower during the SME cycle and were 0.35 and 0.15 volume percent respectively. During the SB3A-8 SME cycle, the nitrous oxide peaked with the first 3 canister decontamination additions then slowly tapered off during concentration. By the end of the third addition, no more nitrous oxide was generated. For the SB3A-9 SME, nitrous oxide continued to peak with every addition made to the SME. It finally went to zero by the end of the SME cycle. The nitrous oxide peaks for these high acid runs occurred sooner than in the nominal acid runs of Phase I. [1] Several peaks of carbon dioxide were seen in both SRAT cycles especially during acid addition. Other smaller peaks were generated when hydrogen or nitrous oxide started to peak. During the SME cycles, carbon dioxide dropped with each addition and then peaked once the vessel returned to boiling. Carbon dioxide remained elevated throughout the dewatering steps in the SME cycle. SRAT peak carbon dioxide concentration was 25 volume percent for SB3A-8 and 30 volume percent for SB3A-9, while the peak SME carbon dioxide concentration was 18 volume percent and 5 volume percent, respectively. The total nitrous oxide and carbon dioxide generated during the runs on a DWPF scale will be discussed in Section 6.0 where the system material balances are presented. Based on the plots provided in Figures 4 through 6 , the greatest amount of gases appeared to be generated during the SB3A-8 SRAT cycle, while the SME cycle for Run SB3A-9 had more generated gases. Compared to the Phase I nominal acid runs with 10% of the projected noble metals, the amount of gases generated during the Phase II runs with nominal noble metals appeared to be much higher. No hydrogen and very little nitrous oxide were generated in the original Decant 9 run (SB3A-2). [1] Once again the results will be discussed in more detail in Section 6.0.
As mentioned earlier, supernate samples were removed at the end of acid addition to monitor the soluble species. These samples were also pulled during Phase I but were not analyzed. Due to the large difference in behavior seen between the two runs, the Mobile Lab analyzed all four samples to determine the soluble species. Both ICP-AES and IC analyses were performed and the results are given in Table 8 for both the Phase I and Phase II tests. With the exception of Al, most of the sludge components that are usually considered insoluble were more soluble in the higher acid runs. Most cases were only 1.5 to 2 times greater, but in some instances solubility was ~10 times greater.
Relative to the total amounts of each of the components present in the slurry, significant amounts of Cu, K, and Na were soluble. Mg and Mn also were present in relatively high quantities. The supernate of the starting sludge was not measured in Phase II; however, the sludge simulant was the same as that used in the Phase I testing. Therefore, the soluble species in the initial sludge should be similar in this phase. All of the components, with the possible exception of K, were more soluble at the end of acid than at the beginning of the run. The anion data revealed that oxalate was not completely soluble, and was more soluble in the higher oxalate run. Nitrite in the supernate was much greater for the Phase I runs, which is consistent with the lower nitrite seen in the SRAT slurry samples for the SB3A-8 and SB3A-9 SRAT slurry samples taken at the end of acid addition. Formate and nitrate were completely soluble.
Although several problems were experienced with the laboratory equipment during the runs (see the description above), no significant processing issues were identified. Mixing and heating of the slurries during the SRAT/SME was not an issue. As alluded to in Section 4.0, a large amount of material was condensed in the FAVC during the Run SB3A-8 SRAT cycle. The condensed mass was ~45 g compared to the typical ~10 g normally seen. The condensed material was also darker in color than the typically clear to pale yellow condensed material. In addition to this high mass of material, both runs had significant generation of brown gas during the SRAT cycle acid addition. This gas permanently stained the line to the manometer. The cause for the differences will be explored in section 5.3 when results of the analyses are discussed. No problems with foaming or processing of the slurries were evident.
SRAT and SME Product Characterization
The SRAT product from each run was characterized for the anion concentration, cation concentration, solids content, density, and carbon concentration. The product anion concentration for each run is given in Table 9 . Nitrate concentrations decreased very slightly from the last sample taken during SRAT processing and the SME product showed a slight concentration increase compared to the SME sample taken before frit addition started. Slight decreases in formate concentration were seen from the last sample to the SRAT product and for the SME sample and product. Oxalate concentrations slightly increased from the SRAT to the SME product. Compared to the oxalate results in Table  7 , it would appear that the first results for SB3A-8 were correct and the second results for SB3A-9 were correct. In addition to analytical error, it is possible that the solubility of some of the species changed when the products cooled. The results in Tables 4, 7 , and 9, along with the known addition amounts of nitric acid and formic acid, were used to estimate the destruction that occurred during the SRAT and SME cycles. The SRAT receipt numbers are based on the feed that was in the vessel at the start of the runs. The results have been adjusted for the samples that were pulled before and during processing, and the samples' associated anions were considered removed from the system from a possible reaction standpoint. Hence, the receipt anion mass was adjusted by the amount of the anion removed with the samples when calculating the destruction that occurred during processing. The numbers given in Table 10 strictly convey total destruction based on the starting and ending parameters. They do not attempt to estimate the effect that the removed anions would have had on the system, to account for any conversion of nitrite to nitrate, or to incorporate other possible reactions occurring during processing. This will be discussed in more detail in Section 6.0. Since the SRAT product mass was not weighed, estimates for the associated SRAT product mass had to be made. This was done by assuming that 3% of the sludge receipt mass was lost during SRAT processing. The 3% loss number was based on the Phase I testing, and it is realized that mass loss may have been higher due to the greater amounts of acid used in the Phase II runs. Based on analyses given in Table 4 and sludge component mass in starting weight in Table A-2.  2 Based on analyses given in Table 7 and sample weights in Table A-2 . Formate values are an average of the two data points.
Oxalate values for SB3A-8 are from the first sample, while values for SB3A-9 are from the second sample. 3 Based on analyses given in Table 9 and estimated SRAT product weights and actual SME product weights given in Table A-2. 4 Destruction represents difference of [SRAT product -(Receipt+added-removed in samples)] and the percent is calculated relative to (Receipt+added-removed in samples). "-" signs indicates a gain instead of loss. 5 Destruction represents difference of [SME product -(SRAT product+added-removed in samples)]. 6 Total destruction represents the relative difference between the Receipt (adjusted for additions and samples removed) -SME product.
Nitrate difference in the SRAT was within analytical error (±10%). However, small amounts of nitrate were destroyed during the SME. When the total nitrate destruction numbers are considered, SB3A-8 could still be within analytical error since the total was ~11%, while it is apparent that some nitrate was destroyed during SB3A-9. This was the run that continued to generate nitrous oxide during the SME cycle so the destruction might be plausible. Another thing to remember is that some of the low or negative destruction may be the result of conversion of nitrite to nitrate. Very small changes in the amount of nitrate present were seen in the Phase I runs. [1] Formate was destroyed in significant amounts in both Phase II runs and during both the SRAT and the SME cycles. Total destruction was also significant with much more destroyed in Run SB3A-8 than Run SB3A-9. The very high destruction was surprising since levels this high had not been seen during previous SB3 runs. The other SRAT/SME runs performed with high acid and the nominal noble metals levels (Runs SB3-21 and SB3-23) only had total destruction on the order of ~50%. [10] The formate destruction was also much higher than what was seen in the Phase I runs. [1] Oxalate destruction was different with the two runs and for the two process cycles. SRAT oxalate destruction was higher in both runs than in the SME. Once again, the Decant 5 run (SB3A-8) was higher than the Decant 9 run (SB3A-9). SRAT oxalate destruction was much higher for the Decant 5 run in this phase of testing than in the original phase of the testing, while the oxalate destruction for the Decant 9 runs was comparable. [1] Very small to insignificant quantities of oxalate were destroyed in the SME cycle. Compared to the previous SB3 SRAT/SME runs with nominal noble metals and excess acid (Runs SB3-21 and SB3-23), Run SB3A-8's total oxalate destruction was ~3 times greater, while it was comparable for Run SB3A-9.
[10] A more thorough discussion of the balance for the two runs will be given in Section 6.0.
As mentioned in section 3.3, oxalate and formate destruction values had to be assumed prior to calculating the acid split for redox balance. Only 30% total formate destruction was assumed, whereas 20% total oxalate destruction was assumed. Based on Table 10 , formate destruction was under predicted by a factor of at least 2 for Run SB3A-8 and by a factor of 1.5 for Run SB3A-9. Oxalate destruction, on the other hand, was comparable for Run SB3A-8 and overpredicted for Run SB3A-9. In general, the under-prediction for formate destruction would cause the melter feed to be more oxidizing than predicted. Based on the SME product numbers given in Table 10 , the analyzed Mn content in the SRAT products (given in Table 11 below), and the estimated amount of coal remaining in the sample, the predicted redox using Equation (2) for Run SB3A-8 would be 0.116 and for Run SB3A-9 would be 0.331. Based on the slope and intercept values recommended in the SB3 redox equation [5] , the predicted redox for Run SB3A-8 would be 0.130 and 0.309 for Run SB3A-9. The SME product samples were melted in the dry melt rate furnace at ACTL. The results of the testing will be discussed in a separate memo.
As mentioned in Section 4.0, the SRAT and SME products were calcined at 1100°C in order to prepare them for cation analyses. The oxides detected in the calcined solids are given as Table 11 . Run SB3A-8 had a relatively low total oxide sum for the SRAT product, indicating poor recovery from the digestion and analyses. Typically, acceptable recovery is 100+5%. This problem has repeatedly been seen in the presence of sodium oxalate. It is possible that the sodium oxalate or other compounds that are forming in the presence of oxalate are not readily dissolved with the existing preparation method; therefore, lower total oxides or poorer recoveries would be seen. The oxide recoveries for the other samples were acceptable. When the SRAT product compositions are compared to the target SRAT feed compositions given in the associated run plans [11, 12] , some of the major sludge components are > ±10% from the target. Na, Ni, and Si were all present at less than target levels, which was consistent with the data reported in Table 3 for the initial sludge. Differences in the level of SiO 2 can be attributed to uneven distribution of the sand particles in the SRAT product and the difficulty in keeping the sand particles suspended in the slurry. The low Na is consistent with the lower than targeted oxalate levels seen in the starting sludge. If the target SRAT compositions are combined with the target frit composition and loading, then a few of the SME oxides were also > ±10% from the target. Both products were high in Mg and low in Ni. Run SB3A-8 SME product was also low in Mn, while Run SB3A-9 SME product was also low in Ca. Overall, the compositions represented a reasonable estimation of SB3 simulant. Based on the SRAT and SME compositions given in Table 11 and the known Frit 202 composition, the target waste loading (i.e., 35 wt%) appeared to have been met.
The SRAT and SME products were also filtered to remove the supernate, so the soluble components could be determined. The supernate cation concentrations are given in Table 12 . The cations that were most prevalent in the SRAT supernate included K, Mn, and Na. This is expected for K and Na since they are typically present as soluble salts. The relative amounts of Na in the SRAT product supernate werẽ 100% compared to the ~65% seen during the Phase I runs with the same decant compositions.
[1] Substantial differences in the solubility of some of the cations (e.g., Cu, Ni, Zn, and Gd) were seen between the runs with the Decant 5 SRAT supernate having higher concentrations. In general, the relative amounts of soluble species were lower for the SRAT supernate than for the samples taken at the end of acid addition. Mn is expected to be present in the SRAT product supernate based on the assumed reactions occurring during the SRAT. However, large quantities of Mn have not been detected in the supernate during the previous runs with sodium oxalate. [10, 15, 16] For SB3A-8, ~30% of the Mn was soluble, while only ~6% was soluble for SB3A-9 SRAT product supernate. Both runs had more Mn soluble in the SRAT products than in the initial sludge, which supports the reduction of Mn +4 to Mn
+2
. Very little Ca was detected in the supernate, which is consistent with previous SB3 runs containing sodium oxalate. [10, 15, 16] This is expected to be the result of Ca reacting with the oxalate from the added sodium oxalate. Generally speaking, the SME product supernate had fewer soluble metals/cations present. Most of the typical sludge components were relatively insoluble. K, once again, had the highest relative solubility. Na solubility was also relatively high but less than in the SRAT product. Ni was one of the few components whose relative solubility was greater in the SME product than in the SRAT product. Mn solubility was slightly decreased for Run SB3A-8, while it slightly increased for the SME product from Run SB3A-9. With respect to the anions, nitrate and formate were completely soluble, while the relative oxalate solubility increased compared to the SRAT products.
The total and dissolved solids were measured on the SRAT and SME products, and the insoluble and soluble solids were then calculated. As mentioned above, the calcined solids were also measured. To complete the physical property analyses, the slurry density and final pH were measured. The results are given in Table 13 . Note: Measured on two aliquots from the same sample. Data reported is an average. Total and dissolved solids were actually measured and insoluble and soluble solids were calculated. The pH is measured at room temperature versus the pH measured at boiling in Figures 2 and 3 , so is expected to change slightly.
The total solids were higher than the initial sludge possibly due to the loss seen during the SRAT cycle, but were consistent with the values seen for other SB3 simulant runs. [1, 10, 15] The SME target solids was 45% so the actual SME solids were slightly higher than targeted. This could potentially be the result of water lost or excess frit added during processing. The insoluble and soluble solids were different for each run. The values appeared to continue to be affected by the level of sodium oxalate present, with lower insoluble and higher soluble solids seen in the run with more sodium oxalate (i.e., Run SB3A-8). The SRAT results are consistent with previous SB3 simulant runs. [1, 10, 15] . The insoluble and soluble solids for the SME product were consistent between the runs. The reported calcined solids had a wide spread for the SRAT products, but were consistent with earlier runs. The calcined solids were close to the target for the SME products. Slight variation was seen in the measured slurry density from run to run, and the results were in line with previously reported slurry densities for the SB3 simulant runs. [1, 10, 15] The product pH measurements were performed after the testing was complete and showed slight variation, but were consistent with the pH measured during the runs. These numbers are slightly higher than what was seen at the end of the process, when the slurries were at elevated temperatures.
The carbon contents of the SME products were measured by ADS using methods developed for SB3. The results are reported in Table 14 . As would be anticipated from SRAT processing, very little inorganic carbon was detected in any of the SME products. This confirms that the carbonates in the initial sludge have been reacted. The total carbon varied with the run, with the highest present in Run SB3A-8 containing the higher level of sodium oxalate. Both values appeared to be lower than anticipated, but they will be assessed in more detail in Section 6.0 when the overall carbon balance is performed. Not an actual measurement, difference of total carbon and inorganic carbon measurements.
As mentioned earlier, samples from the FAVC from the SRAT and the SME cycle, the MWWT from the end of both cycles, and the SMECT from SRAT processing were analyzed to ascertain what components might be causing the dramatic change in color. Both ICP-AES and IC were performed and the results are reported in Table 15 . The pH of the samples was also measured and is given in the table. Once again, the FAVC samples were removed after the completion of the SRAT and the SME cycles and are labeled as such. The MWWT samples are from the end of the combined SRAT/SME cycle. The SMECT sample is from the dewater during the SRAT cycle. As a reminder, only the SRAT cycle was performed for the Phase I runs, so all samples are from the SRAT. Several species were below the detection limit of the analyses and are not included in the table. These included Ba, Fe, Gd, Li, Mg, Mn, Ni, and oxalate. The data presented does not identify any significant differences that were thought to be attributed to the changes in color. Based on the GC data and this fact, it would appear that it was the overall amounts of gases generated that may have caused the discoloration as opposed to the gases actually condensed and sampled in the FAVC, MWWT, or SMECT. However, a few items of interest were identified. In the FAVC samples, more Na was present in the SRAT SB3A-9 FAVC than in the SB3A-2 FAVC. More Si was found in both the Phase II SRAT FAVC samples compared to the Phase I samples. The Si concentration decreased for the SB3A-9 SME FAVC sample but did not for the SB3A-8 sample. Al, Cu, and K were present in higher concentrations in the Phase I SRAT FAVC samples. This may possibly be the result of higher solubility of these components during processing, but the exact explanation is not known. B was not present during the SRAT so any differences are due to contamination or analytical error. S had mixed behavior with more present in Phase I for Decant 5, while the result for Decant 9 is unknown because of the detection limit utilized in Phase I. A very high concentration of nitrate was detected in the SB3A-1 FAVC. Since the reported value was ~10 times the level of any other FAVC sample, it was re-analyzed but the same results were obtained. No obvious explanation for this dramatic difference exists. The nitrate was greater in Run SB3A-9 than Run SB3A-8, while the SME samples were much lower than the SRAT samples. No nitrite was detected in the SRAT FAVC samples, but it was detected in the SME FAVC samples. This may support the nitrate destruction reported for the SME cycles since reactions had to be occurring to generate nitrite. Formate concentration was slightly higher in the SRAT FAVC samples from SB3A-8 than SB3A-9, while no formate was detected in the SME samples. Some formate was also detected in the Phase I run (SB3A-2) of Decant 9 and none was detected in the Phase II run (SB3A-9) of Decant 9. The pH of the Phase I FAVC samples were significantly different than the Phase II FAVC samples. The Phase I samples were highly acidic, whereas the Phase II samples were basic. No obvious explanation for this difference exists.
As to the SMECT samples, more Ca was detected in SB3A-8 than in SB3A-1 and SB3A-9. More Si was also detected in the Phase II runs than in the Phase I runs. Like the FAVC sample, the SB3A-8 SMECT sample also contained less nitrate. Formate, on the other hand, was greater in the SMECT samples from Phase II with Run SB3A-8 having a greater concentration than Run SB3A-9. The pH of the SMECT samples were similar and were all acidic.
Finally, the MWWT samples can not be compared on a totally equivalent basis since they were taken at different times of the chemical process cycle, but some similarities and differences can be seen. More Na and Si were detected in the MWWT samples from Phase I. No nitrate was detected in the Phase II MWWT samples, while a small amount was detected in the Phase I Decant 5 (SB3A-1) run. Similarly, no formate was detected in the Phase II MWWT samples, while a small amount was detected in the Phase II Decant 9 run (SB3A-2). The measured pH for the Phase II samples were once again much more basic than the Phase I samples. However, this is likely attributed to the SME cycles that were performed as part of the Phase II studies. Performing the SME cycles exposed the MWWT to more processing time and more flushes of water through the system (due to the decontamination canister additions and dewatering); therefore, the pH of the contents of the MWWT would have been affected.
Rheology testing was performed on the SRAT and SME products from both runs to determine any impacts of the sodium oxalate on rheology. The products were tested at the received total solids loading. The preliminary results indicated that the SRAT product from Run SB3A-8 had essentially the same up and down flow curves and was Newtonian in nature. The consistency for Run SB3A-8 SRAT product was determined to be 2.2 cP. The SRAT product from Run SB3A-9 also had the same up and down flow curve but was non-Newtonian in behavior. The yield stress for the Run SB3A-9 SRAT product was determined to be 5.4 dynes/cm 2 and the consistency was 3.65 cP. The preliminary results were consistent with the SRAT product results for the Decant 5 and Decant 9 runs in Phase I. [1] The SME products from both runs in Phase II had very different up and down curves. Two different samples of each product were run, and the results were consistent. It is believed that settling may have affected the SME product results. This will be further investigated once the SB3 or SB2/SB3 compositions are finalized. Complete details of the analyses will be documented and issued once the additional SB3 runs are completed since additional material, more closely matching the anticipated compositions, will be quantified from those runs.
MASS BALANCE CALCULATIONS
This section puts the material balance results for SB3A-8 and SB3A-9 into the same context as that done for the earlier SB3 simulant studies. [9, 18] The primary purpose of constructing material balances was to understand the behavior of selected anions and key off-gas species during processing. Material balance analyses for the 24 4-L SRAT cycle simulations using Tank 8 simulant were summarized in WSRC-TR-2003-00041 [9] . A similar analyses was performed for the three SME cycle simulations with Tank 8 simulant. [17] 
Overall Material Balances
Overall mass balances with respect to the mass of material removed and added to the process vessel for the Phase II runs are given in Appendix A as Table A-2. These include both the SRAT and SME cycles. Phase II overall mass balances closed to within about 200 grams on a liquid-solid basis (given a starting mass of ~2900 g and a SME product mass of ~2000 g). This loss amount is consistent with other SB3 runs when both a SRAT and SME cycle were performed. [9, 10] This was similar to the three SB3-Tank 8 simulant tests that included a SME cycle. [17] The bulk of the material balance deficit was probably contained in the offgas non-condensable species (CO 2 , NO, NO 2 , N 2 O, and H 2 ). The remainder was measurement error and lost water vapor.
As mentioned earlier, the SRAT product mass in both runs was not measured before the start of the SME cycle. Therefore, an estimate of the SRAT product mass was required in order to study the SRAT and SME separately. Table  A-2 gives a running balance of the masses added and removed from the vessel starting with the initial sludge addition. A similar balance was constructed backwards in time from the weighed mass of the final SME product. When the SME product numbers are compared to the running balances, the numbers indicate that overall material balance closure is within about 200 grams. The actual SRAT product mass was expected to lie between the calculated results from the two running balance methods. Furthermore, the SRAT product mass was expected to lie closer to the mass working backwards from the SME product mass than to the mass working forwards from the starting sludge. The reason for this was that roughly 70-80% of the measured off-gas mass was evolved during the SRAT cycle. The estimated SRAT product mass for both SB3A-8 and SB3A-9 was a weighted average using 80% of the SME product-based mass balance estimate and 20% of the starting sludge-based mass balance estimate. This gave SRAT product masses of 2564.9 g for Run SB3A-8 and 2513.4 g for Run SB3A-9.
Three balances were performed based on Al, Fe, and Mn to check the overall material balance. The iron and aluminum balances closed to within 5% from the initial sludge to the SME product. The errors were in the opposite directions for the two species in each balance indicating that the SME product mass relative to the starting sludge mass was essentially correct. The manganese balances closed to within 10-15%. Both products were low in manganese relative to the starting sludge. The reason for this is not clear. The weighted average SRAT product mass could be 3% low based on the iron and aluminum balances relative to the starting sludge mass. This was considered close enough to proceed to the carbon and nitrogen species balances.
Carbon Balances
Overall Carbon Material Balances
An overall carbon balance was developed to assess the magnitude of analytical uncertainty before studying individual oxalate, formate, and carbon dioxide species balances. Balances were constructed for the SRAT cycle, the SME cycle, and for the combined SRAT and SME cycles. Good closure on the carbon balance has permitted a reasonably reliable examination of the concentration changes of formate and oxalate ions during the SRAT cycle, as well as an assessment of the sources of carbon dioxide gas generation.
Carbon entered the SRAT in the form of carbonate ion, oxalate ion, coal, formic acid, and antifoam. Carbon species were lost during SRAT processing due to small samples and carbon dioxide gas generation. Two significant slurry samples were pulled after the SRAT cycle was complete. The remainder of the SRAT product slurry became the input for the SME cycle. Additional carbon entered the SME in the form of antifoam and as the formic acid associated with frit slurry additions. Carbon left the SME in the form of carbon dioxide gas and small samples. Table 16 summarizes the carbon balance input terms for the SRAT cycle, SME cycle, and the combined SRAT/SME cycle, or "overall" simulation. The numbers are all given as pounds of carbon at DWPF scale (6000 gallons of fresh sludge at ~18 wt. % total solids). The SRAT scale factor between the ~2.5 liter slurry test and 6000 gallons was 1/9165. A smaller scale factor could be used for the SME cycle conversions, since mass was removed during and after the SRAT cycle. This would cause the mass out in the overall balance (based on the SRAT scale factor) to be different from the mass out in the SME balance (based on the SME scale factor). The SB3A-8 SME scale factor would have been about 1/11,200 for a 6000 gallon batch of SRAT product at 20 wt. % total solids. To convert the SB3A-8 SME cycle numbers in the tables to this basis, it would be necessary to multiply them by 11,200/9165. The SB3A-9 scale factor would have been about 1/10,400 on the same basis. To convert the SB3A-9 SME cycle numbers to the 6000 gallon basis would require multiplying them by 10,400/9165. Using the different scales would make reading the tables more confusing; therefore, the SRAT scale factor was used for all conversions from the bench-scale to DWPF-scale.
Not all quantities in the total carbon balance were determined analytically, e.g. coal and the carbon mass of antifoam. Analytical methods to selectively track coal and antifoam either do not presently exist or have not been used on simulant samples. Known masses of coal and antifoam were added to each test. In Table 16 , the numbers shown for coal and antifoam represent calculated values assuming perfect mixing and no reactions. The formate numbers were based on a titration of the formic acid and an accurate measurement of the volume added. Oxalate values were based on analyses of the starting Decant 5 and 9 sludges. The "Total In" column is the sum of all of the individual inputs. Coal is a calculated number based on the amount added 2 Antifoam is a calculated number based on the amount added 3 Total in reflects summed values in an excel spreadsheet, some round-off is accounted for in the total. Table 17 gives the corresponding set of carbon masses in the various exit streams. Formate and oxalate are based on analyses of the products. The samples represent all carbon removed from the system in samples and includes formate, oxalate, coal, and antifoam.
The CO 2 mass flow-rate was determined using the GC data presented in subsection 5.2 combined with the flow-rate of the helium internal standard. The air purge flow is reduced in the SME cycle compared to the SRAT flow-rate. The CO 2 mass flow-rate was integrated over the time of the SRAT cycle to give the total mass of CO 2 evolved. Equation (3) was used to calculate CO 2 mass flow-rate.
Eq (3) where sccm is standard cubic centimeters per minute. A CO 2 flow-rate was obtained for each GC reading, i.e. about every three minutes. The total mass of CO 2 evolved during any portion of the simulation was determined by integrating the instantaneous flow-rates over the time period of interest, per Equation 4.
Eq (4) where t is time, and t 1 and t 2 are the beginning and ending times of the portion of the simulation of interest. The indicated integration was made numerically, since the available flow-rates were in the form of discrete time data. Simpson's rule was used to perform the numerical integration. The integration across three consecutive flow-rate determinations takes the form given in Equation 5:
Eq (5) where the t i are the times associated with the three consecutive flow-rate determinations. These masses are then summed to evaluate the integral above. Two sums are obtained, one for i taking on odd values, and one for i taking on even values. These two sums are checked against each other, and then averaged to obtain the mass of CO 2 evolved over (The time periods of interest were generally much, much longer than three minutes, so having one term more or less in a given sum was of little consequence to the total.) Coal is a calculated number based on the amount added and estimated amount removed in samples 2 CO2 is calculated from an integration of the GC data. 3 Antifoam is a calculated number based on the amount added and the estimated amount removed in samples 4 Total out reflects summed values in an excel spreadsheet, some round-off is accounted for in the total Table 18 summarizes the material balance closure for the runs. It incorporates the "total in" and "total out" columns from Table 16 and Table 17 , respectively. *Closure was defined as {100%*(carbon out -carbon in)/(carbon in)} for the indicated run cycle (SRAT, SME, or overall)
Coal and antifoam account for about 10% of the material balance, and their treatment was theoretical. The rest of the overall carbon balance was derived from measured quantities, either masses or analytical measurements. Closure of the carbon material balance was not as good as was hoped for Run SB3A-8. The trend has been to have most SRAT cycles close with an error of +2% to +9%. As mentioned in subsection 5.1, some problems with the helium MKS flow controller were experienced during the addition of nitric acid in Run SB3A-8. An alternate flow controller was installed, but problems persisted with establishing the appropriate helium to air ratio for ~8 hours. It is possible that some CO 2 was evolved during this period and not accounted for in the material balance.
Neither SME cycle carbon balance closed particularly well. This was investigated thoroughly, but no definitive answer was obtained. The closure error reflects the following feature in both cases. The amount of formate lost, as determined by the overall mass balance and the IC data, was roughly twice the amount of carbon dioxide evolved. As stated in subsection 5.2, SRAT and SME product samples were re-analyzed by IC. Reproducibility of oxalate results remains an issue, but formate results were generally reproduced fairly well. Variations of over 30% were found in some of the oxalate results when samples were re-analyzed. These large changes could be due to instrument issues, but they could also be due to instability of oxalate in some of the samples themselves. The GC data received similar scrutiny. The evolved CO 2 masses were similar to those reported for SB3-21 and SB3-23. These were the two previous SME cycles with 100% of the nominal noble metal concentrations using Tank 8 simulant. Species balances on oxalate, formate, and CO 2 will be discussed in turn below. Some "what if" scenarios related to the closure errors are discussed at the end of the carbon dioxide species balance section below. Table 19 presents the oxalate species material balance data on a DWPF scale from the two runs. Oxalate comprised about one-third of the total carbon content of the sludge. The initial oxalate mass was calculated from the mass of Decant 5 or Decant 9 simulant sludge added to the kettle combined with the analytical IC measurement. The oxalate in the SRAT product was calculated from the SRAT product oxalate IC data and the overall material balance estimate of the SRAT product mass. The oxalate in the SME product was calculated from the weighed mass of SME product combined with the SME product oxalate IC data. SRAT and SME scaling was made using the same assumptions that were used for the overall carbon balance tables above. 1 Determined from the IC analyses and the overall material balance 2 Calculated from the SRAT and SME process slurry IC analyses (average of the oxalate results reported) and the associated sample masses 3 Represents the gross oxalate loss relative to the initial oxalate
Oxalate Species Material Balance
The gross oxalate loss was the initial oxalate mass minus the oxalate masses in the samples and the product. Slightly different losses are reported in this table compared to Table 10 because of differences in the mass estimates for the SRAT product and the IC values used for the samples. SRAT losses ranged from 14-22% of the initial oxalate added. Numerically significant losses of oxalate also occurred in 17 of the 18 Tank 8 tests with oxalate [18] and two of the three Phase I flowsheet tests with oxalate [4] . SRAT oxalate losses exceeded SME oxalate losses. This has been the general trend in the runs to date. SME oxalate losses in most cases have been near the noise level of the data [17] , indicating that the SME cycle oxalate loss may be negligible. An overall loss of 20% of the initial oxalate was assumed in the pre-run calculations used to split the total acid addition requirement between nitric and formic acid for redox control. Measured loss results were approximately as anticipated. Table 20 gives similar species material balance information for the formate ion. The result is the net formate lost. It is the net loss because formate was both created and destroyed during processing. "Formate added" is the formate content of the formic acid addition to the SRAT and/or the frit formic acid addition to the SME. The starting sludge was free of formate. Formate in the samples and product were calculated from IC results during the run (average of the values reported in Table 7 ) coupled with the overall material balance masses for the SRAT and SME products. Two large samples were pulled between the SRAT and the SME cycle that shows up in the overall balances but not in the SRAT and SME cycle balances. Scaling to 6000 gallons was done in a consistent manner to that described above for the overall carbon balance and the oxalate species balance. Determined from the IC product and process slurry analyses and the overall material balance 3 Represents the net formate loss relative to added formate.
Formate Species Material Balances
The formate losses for both runs were quite significant. They exceed the pre-run loss estimates of 30% that were used to balance the total acid between nitric acid and formic acid. For both runs, this would have resulted in less formic acid being added than required to maintain the predicted redox (given all other input variables remained the same). Had this been the only variable changed or assumed incorrectly, more hydrogen would have likely been generated during each run. As discussed earlier, issues exist with the closure of the two SME cycle carbon balances. The tabulated SME cycle formate losses could be significantly overstated based on the observations of evolved carbon dioxide.
If the assumption is valid that the lost oxalate is converted into formate and carbon dioxide, then it is worth constructing a table where the lost oxalate from Table 19 is converted to formate and added to the net formate loss from Table 20 . This estimate of a gross formate loss is given in Table 21 . The Decant 5 and Decant 9 data for 10% nominal noble metals and relatively low total acid are given for comparison, SB3A-1 and SB3A-2, respectively. The physical significance of the "gross formate loss" is that it should be a better measure of formate ion that is destroyed by chemical reduction reactions than the net formate loss given in Table 20 . The idea is IN -OUT + FORMED -LOST = 0. Table 19 ).
The present DWPF SRAT reaction formate consumption calculation is given by Equation 6.
Eq (6) The result was then scaled like the other quantities in the carbon balance. It is shown in the final column of Table 21 for comparison to the gross reaction formate consumption calculated from the formate and oxalate species material balances, above and in WSRC-TR-2003-00132 [18] . Results for the Phase I Flowsheet Study 4-L SRAT runs with Decant 5 and Decant 9 sludges are shown for comparison. The acid stoichiometry is based on the new acid addition equation derived for SB3 [4] and is given for comparison. Although there have been many opportunities to accumulate analytical and material balance errors in reaching this point, there is clearly an enormous difference between processing at low acid-low noble metals versus high acid-high noble metals. This difference was most evident in the net and gross formate loss columns. These numbers increased dramatically with the increases in noble metal concentrations and total acid. No corresponding increase was seen for the anticipated reaction formate requirement. The additional lost formate was apparently entirely converted into carbon dioxide plus either hydrogen or water. Table 22 compares the identified sources of carbon dioxide to the measured production rate of carbon dioxide as determined from the GC data as described above. The scaling to DWPF was identical to that used for the overall carbon balance and other carbon species balances above. The "% Error" column was calculated using Equation 7.
Carbon Dioxide Species Material Balances
Eq (7) % Error = {(CO 2 evolved -sum of CO 2 formation reactions)/(CO 2 evolved)}*100% − "reaction formate" loss). Only the reduction reaction extent term (the reaction formate loss) in Table 22 was not directly measured. All oxalate loss was assumed to be by wet air oxidation to formate and CO2 4 GC hydrogen generation data was used to calculate the associated CO2 evolution This data set had the largest closure variations of the various individual carbon species balances. The SME cycle closure was related to a significant discrepancy between moles of formate lost relative to the moles of carbon dioxide evolved.
The SB3A-8 carbon dioxide error tracked the overall carbon balance error trend of small in the SRAT, high in the SME, and less high overall in Table 22 . A 63% increase in the SME product formate mass determined from the IC result and overall mass balance would be necessary to bring the SME CO 2 balance into agreement. This would leave the overall CO 2 balance with a -4% error. This would also leave the overall SME carbon balance with a -1.8% error (instead of -16.3%) and the overall carbon balance with an error of -5.4% (instead of -14.4%). The overall formate loss during the SRAT/SME processing would fall from the 62% shown in Table 20 to 43% in this case. Re-analysis of the SME product formate, however, did not indicate any significant analytical error. The formate loss was probably in the 43-62% range for the processing conditions of Run SB3A-8, but a stronger statement cannot be made from the available data.
The Run SB3A-9 carbon dioxide error also tracked the overall carbon balance error trend of high in the SRAT, low in the SME, and close to balanced overall. A 22% increase in SME product formate over the IC-material balance value would be needed to balance the carbon dioxide in Run SB3A-9. This would change the overall carbon balance error for Run SB3A-9 to +7.1% and the SME carbon balance error to -1.2% in Table 18 . (Small positive carbon balance errors have been the norm in the work prior to the Phase II runs.) This suggests that the formate loss may lie somewhere between the 43.4% from Table 20 and 33% after adjusting product formate mass to reconcile the carbon dioxide balance. Table 23 breaks down the carbon dioxide evolved during the SRAT cycle and the eight distinct phases of the SME cycle. Numbers were scaled to DWPF using a factor of 9165.
Total carbon dioxide evolution in Run SB3-21 (75% remaining sodium oxalate) and SB3-23 (25% remaining sodium oxalate) SME cycles were 431 and 155 lbs. at DWPF scale respectively. [17] The totals are quite comparable. There was a larger jump in carbon dioxide generation associated with the frit additions in those two earlier runs. This was attributed to those runs having only two frit additions, each containing 50% of the total frit and accompanying formic acid. The Phase II runs added one-third of the total frit and accompanying formic acid in each of three separate additions. 
Hydrogen Generation Relative to Carbon Dioxide Generation
Hydrogen mass generated in each phase of the SRAT and SME cycle was calculated in a similar manner to that used for carbon dioxide and nitrous oxide. Table 24 gives the results for the SRAT and the eight phases of each of the SME cycles. A scale factor of 9165 was used to convert all bench-scale results to DWPF scale. Raw GC data was plotted in subsection 5.2 These SME hydrogen generation masses were similar to those for Runs SB3-21 (75% remaining sodium oxalate) and SB3-23 (25% remaining sodium oxalate). These were the two Tank 8 simulant SME cycle simulations with 100% nominal noble metals [10] . Total SME cycle hydrogen masses were 1.02 pounds and 0.32 pounds for Runs SB3-21 and SB3-23 respectively. Run SB3-23 had less excess acid than Run SB3-21, while Run SB3A-8 had more excess acid than SB3A-9. The four runs, ranked in terms of increasing excess acid, were SB3-23, SB3A-9, SB3-21, and SB3A-8. The total DWPF-scale SME hydrogen masses generated were 0.32, 1.59, 1.02, and 0.35 pounds respectively.
The explanation for the variations in hydrogen generated appears to be as follows. When a large excess of acid is present in the SRAT, the hydrogen generation is primarily in the SRAT. The tendency to produce hydrogen in the SME is mitigated by the vigorous reaction in the SRAT. When a modest excess of acid is present in the SRAT, the hydrogen generation rate in the SRAT is smaller. The tendency to produce hydrogen in the SME, however, remains small. At some amount of excess acid in-between these two cases, a significant amount of hydrogen generation is delayed from the SRAT cycle into the SME cycle. Little time is spent between the SRAT and the SME in this simulant work. Considerably more time is spent between the SRAT and the SME in DWPF. It is possible that catalyst poisoning reactions might be on-going while the SRAT product samples are being analyzed that would tend to negate this effect.
Therefore, the DWPF would be less likely to see the higher hydrogen levels in the SME that have been experienced in SRTC lab-scale testing. Table 25 looks at the fraction of carbon dioxide generation that is interrelated with hydrogen generation. The assumption is that one mole of formic acid produces one mole of hydrogen and one mole of carbon dioxide. The masses in Table 25 indicate that catalytic hydrogen generation (formic acid decomposition) accounts for only 6% of the observed carbon dioxide generation overall. The sources of SRAT carbon dioxide were discussed above in the carbon dioxide species balance (subsection 6.2.4). The SME cycle carbon dioxide generation not due to hydrogen can be attributed either to denitration reactions that produce CO 2 and/or to catalytic wet air oxidation (CWAO), which produces carbon dioxide and water, rather than carbon dioxide and hydrogen. Discussion and references on CWAO can be found in WSRC-TR-2003-00041 [9] . CWAO can produce carbon dioxide from either formic acid or oxalic acid.
SB3 Simulant Nitrogen Balances
Nitrogen containing species were tracked for nitrite ion destruction, nitrate ion concentration versus time, and N 2 O as a gas phase component. The primary reason for analyzing the nitrogen species data was to attempt to estimate the proportion of nitrite destruction by each of the three identified routes discussed in WSRC-TR-2003-00118 [4] : conversion to NO (and on to NO 2 or N 2 O 4 ), conversion to N 2 O, and conversion to nitrate. Table 26 gives a nitrate balance for the runs that was used to calculate the % of nitrite that was converted to nitrate. The nitrate masses are scaled in the same manner as the carbon masses discussed earlier. The inferred gain in SRAT cycle nitrate (negative nitrate loss in Table 26 ) is 100% attributed to the conversion of nitrite to nitrate. Table 26 also gives an overall nitrate balance and a nitrate balance for the SME cycle. This is not related to nitrite destruction, since all nitrite was destroyed in the SRAT cycles. The SRAT data for Run SB3A-8 indicate that nitrite was converted to nitrate. The SME and overall balances suggest that this may be a small analytical error. If very little nitrate was formed in the SRAT, then the indicated nitrate loss in the SME would become less. This would be closer to the expected behavior, which is that nitrate is fairly inert late in the SRAT and all through the SME cycles.
The SRAT data for Run SB3A-9 indicate that nitrate destruction exceeded nitrite to nitrate conversion (positive number in the second to last column), but this conclusion is not consistent with past observations. Instead, it seems more likely that only a negligible amount of nitrate was formed, no nitrate was lost, and there was a small analytical error of about 9% in the SRAT product nitrate. One alternative is an actual loss of nitrate by denitration in the SRAT. This has not been the typical result seen in the 18 Tank 8 SRAT runs with oxalate or the four SB3 Phase I flowsheet runs. [9, 18] If denitration is occurring in the SRAT, then the % nitrite to nitrate conversion is being underestimated. This would complicate the analysis of the acid stoichiometric requirement for nitrite destruction. Table 27 gives the N 2 O generated in the various phases of the two runs. The nitrous oxide masses from the SME cycle could only begin to explain the much larger nitrate losses indicated by the nitrate balance above. Sometimes the sensitivity of the second column on the GC, however, is adjusted in such a manner that small quantities of N 2 O are not integrated and reported. This may have happened in Run SB3A-8 toward the end of the SME cycle. In this case the total evolved mass would be understated.
The SRAT nitrate ion results in the nitrate material balances and the SRAT nitrous oxide generation results were combined to estimate the coefficient for nitrite ion acid demand in the SRAT acid stoichiometry. A first principles calculation for the acid demand for nitrite destruction was made using the data. The calculation assumed no nitrate destruction. It was also assumed that there were no unidentified reaction paths for nitrite destruction beyond those given in WSRC-TR-2003-00041 [9] . The nitrite converted to NO was calculated by Equation 8 Eq (8) where all terms are in moles. This completed the predicted allocation of nitrite destruction among the three identified paths -to nitrate, to NO, and to N 2 O. This allowed a calculation of the total moles of acid demand per mole of nitrite destroyed. The individual results for the two runs are given in the last column of Table 28 . The individual acid requirements are similar to those obtained in earlier SB3 SRAT simulations. [9, 18] The SB3 simulant acid demands for nitrite destruction from Phase I, Phase II, and two SRAT runs supporting the slurry fed melt rate furnace (SMRF) work are compared to the Tank 8 data [9] in Table 29 . The uncertainties for the Decant 5 (69% oxalate), Decant 9 (40% oxalate), and Tank 8 simulant results are the standard deviations associated with averages over two or more runs. The uncertainties for the Decant 7 and extremely washed simulant results, however, are engineering estimates based on some of the uncertainties in the batch data and analytical results. They are consistent with the standard deviations determined for Decant 5 and Decant 9. The value for Decant 5 was averaged over all available runs of Decant 5 simulant with supporting GC data. This included SB3A-1 from Phase I at 10% nominal noble metals. It also included two runs of Decant 5 at 100% nominal noble metals in the 22-L SRAT to make feed for the SMRF. Finally, it included the result for SB3A-8 from Phase II. The value for the 40% oxalate case included SB3A-2 from Phase I at 10% nominal noble metals and SB3A-9 from Phase II. The average results for both Decant 5 and Decant 9 have increased as more data has become available. They now are much closer on average to the Tank 8 simulant results than after Phase I [18] . There was no statistically significant evidence that the nitrite acid requirement actually changed from Tank 8 to SB3 simulant. The one effect that was consistently evident was that the acid demand for nitrite destruction seemed higher in sludges with significant oxalate than without any oxalate.
The current DWPF algorithm factor for nitrite destruction is 0.75 moles acid/mole nitrite. Only runs with minimal oxalate appear to have a demand this small , Table 29 . Note that the 4-L and 22-L SRAT rigs reflux through a MWWT. The contents of the MWWT during the SRAT cycle are typically very acidic. This is believed to be very similar to DWPF operation, however mass transfer resistances and mixing times are shorter in the bench-scale equipment. The reintroduction of nitrate or nitrite to the SRAT via the reflux stream could introduce complications into the analysis above. The proposed SB3 acid addition stoichiometry algorithm [4] has a factor of 1.95 moles acid/mole nitrite. This is more than double the current coefficient on nitrite in the Hsu/Marek algorithm used in DWPF. The proposed factor appears to be more consistent with the data for runs with 25-75% of the expected oxalate in Tank 7 than with the data for runs with no oxalate.
The present results for nitrite destruction still suggest that the use of constant coefficients in the acid calculation stoichiometry algorithm will at best give an approximation to the actual acid requirement. It may be that a different coefficient is optimal for every sludge processed. It is possible that the noble metal concentrations also effect the acid requirement for nitrite destruction by selectively altering the preferred reaction paths.
CONCLUSIONS
The two SRAT/SME runs with SB3 simulant and the nominal noble metals at excess acid levels were completed. The SB3 compositions tested included Decant 5 (69% remaining sodium oxalate after washing/decanting) and Decant 9 (40% remaining sodium oxalate after washing/decanting). The proposed acid addition equation was tested in these runs and successfully destroyed nitrite present to below the DWPF limit. However, at the excess acid level tested, the DWPF hydrogen generation limit in the SRAT was exceeded in one run (Decant 5 or Run SB3A-8) and was approached in the other (Decant 9 or Run SB3A-9). The Phase II runs were performed with ~25% more acid than the amount used in the Phase I runs. The data suggest that an upper limit on the acid addition amount would have to be implemented if the composition to be processed in DWPF was similar to the decant scenarios tested and contained the projected levels of noble metals. This limit would best be placed on the amount of formic acid since its addition primarily drives the hydrogen generation; however, by doing this a redox target other than 0.200 may have to be used. No processing problems such as foaming, loss of heat transfer, or air entrainment were seen. As with other SB3 simulant chemical process cell studies, sodium oxalate continued to have an impact on the acid addition required and the reactions that are occurring during processing.
PATH FORWARD
Phase I identified acid addition strategies for Decants 5, 7, and 9, and an extremely washed SB3 simulant at 10% of the nominal level of noble metals. The SB3 defined acid addition equation, along with the projected SB3 redox equation, were tested in Phase II of the simulant flowsheet runs along with preliminary estimates of the upper acid bound. Phase II provided some insight on the upper acid bounds for Decants 5 and 9 with nominal noble metals levels. These same acid addition levels with 10% of the nominal noble metals would not have presented a hydrogen problem based on historical data.
Once the data from the final Tank 7 sample is combined with the Tank 51 heel composition and the other Tank 7 data, it will be combined with the proposed washing and blending strategy. The composition will be evaluated and a decision will be made as to whether the SB3 SRAT/SME testing has adequately bounded the expected composition. Additional runs will be performed as necessary to identify processing parameters for the Tank 51 qualification sample and for the potential blend of SB3 with SB2. Bounding levels of acid will also be defined as necessary for these scenarios.
Mercury reduction was not characterized in these runs because the anticipated Hg content was already below the DWPF limit. The final Tank 7 sample and the Tank 51 Waste Qualification sample results will be evaluated to ensure that the proper level of mercury has been tested. Mercury in the SRAT product will then be characterized as part of that phase of testing to ensure acceptability.
Preliminary rheology data from both phases of testing indicated that the SRAT products for the Decant 5 sludge composition were Newtonian in nature, while the SRAT products for the Decant 9 sludge composition exhibited nonNewtonian behavior. SME product results were questionable from Phase II because of suspected problems with settling during the rheological characterization. As any additional testing is performed to support SB3 qualification and/or the processing of SB2 with SB3, the rheological behavior of the SRAT and SME products will be further investigated. After the completion of the testing, the data will be documented and a report will be issued.
Some problems still exist with the analyses of oxalate in the sludge slurry. Based on the Tank 7 analyses, it appears that oxalate will not be a major contributor to SB3 and will not likely have to be analyzed in the DWPF. However, if the oxalate method is to be implemented in DWPF, more work on the method development may be necessary and the Mobile Lab will have to work with ADS to resolve some of the outstanding issues. 
